Introduction
Transit network design is the foundation for efficient transit operation and planning. However, designing an efficient transit network is always difficult and requires considerable effort. To realistically improve a transit network, many transit agencies rely on evaluation measures. Measures to determine transit operation show how to diagnose current transit operations and make future planning more efficient. For these reasons, setting and developing measures are always important for transit agencies. Measures used for transit planning and operation are related to transit users, transit agencies, and society, as shown in Table 1 (TCRP 2003) . Lee (2008) extensively researched the various kinds of measures for transit-auto travel time because they can show the competitiveness of a transit service, which eventually greatly affects ridership and revenue, as indicated in many studies (McGillivray 1970; Cambridge Systematics and Economic Development Research Group 1999; Fan and Machemehl 2004; Racca and Ratledge 2004 ). Lee's previous research discussed and developed comparative measures to diagnose current planning and operation in more efficient ways. Since travelers compare the available travel modes for their trips using travel times and costs, measures that show the relationship between auto travel time and transit travel time are very useful and show the competitiveness of a transit service.
Measures that compare current transit networks and potential shortest travel-time transit networks also were developed. If the size of demand is large enough to provide high frequency for any route, this comparison reveals how much a transit network potentially can be improved. However, this previous research used only one hypothetical network and its data to demonstrate the methodology.
In this research, to analyze transit network directness efficiently, a geographical presentation method for transit network directness was developed based on the previously-developed measures to define competitiveness and directness of a transit network. Then, five major cities in Korea were analyzed using a geographical presentation method. GIS applications for transit performance analysis (Ramirez and Seneviratne 1996; Berkow 2009; Bertini and El-Geneidy 2003) have been gaining popularity and are believed to be very useful.
Literature Review
Transit Network Configuration Transit network configuration is one of the most important components in determining the level of service for passengers and is the key to operational efficiency. Numerous stud- 
Transit Performance Measures
ies have been conducted using optimization techniques, including Lee (1998 ), Pattinak et al. (1998 , and Lee and Vuchic (2005) . Guiharire and Hao (2008) summarized the related studies extensively. However, optimizing transit network configuration always has been a difficult task for the transit industry, in part, due to the complexity of designing transit network configuration. Because of this complexity, most transit networks have been designed based on intuition and experience. Another difficulty is in changing a current network configuration. Although recent studies have shown how to optimize a transit network, it is difficult for transit agencies to complete changes all at once; it is recommended that modest changes in scheduling or the transit network be explored, rather than drastically changing the transit network configuration. Once a transit network is designed, user travel time cannot be improved drastically through other changes.
Relationship between Routing and Scheduling
Total transit travel time is computed as the sum of travel time components. Routing and scheduling are the major factors determining these components, although there are many considerations. Routing determines in-transit travel time and access/egress time (by station location) and also determines whether transfers are required for certain trips. Scheduling is closely related to waiting time and transfer time, if there is a transfer. Without scheduling information, average waiting time is half of the headway, assuming that passengers arrive uniformly at stations. Although waiting time with scheduling information does not have a definitive relationship with headway, unlike waiting time without scheduling information, it clearly moves in the same direction as headway.
Although the difficulty of coordinating routing and scheduling often results in their separate planning processes, routing and scheduling should be considered together. The relationship between routing and scheduling comes from the scheduling process. Scheduling is affected by many concerns, such as maximum policy headway and fleet size. However, the most important input for the scheduling process is demand size, because more frequencies usually are provided for the heavy-demand routes. To prevent overcrowding, frequency should be linearly related with demand. This means that demand for a certain route determines its frequency (Vuchic et al. 1976; Cedar and Israeli 1998) .
Depending on routing, demand for a route is basically determined by (1) the number of riders picked up by the route, assuming fixed transit demand, and (2) in-vehicle travel time. The more efficient a transit route is, the larger the share transit can have from the general demand for the trip. For these reasons, although routing and scheduling are separate and different processes, routing affects and generally determines scheduling.
Under fixed transit demand, a route collects more riders if it is circuitous, resulting in higher frequency and shorter headway. However, there is a trade-off with circuitous routing-even though it can provide shorter waiting time due to a shorter headway, it requires longer in-transit travel. Increasing directness results in shorter in-transit travel time under the assumption of a single mode, but it requires more routes and lower frequency for each route due to less demand for each route. Lower frequency results in longer headway and, eventually, longer waiting time.
Transportation Network Circuity
Previous research defined and analyzed the transportation network circuity by means of geography. Circuity was defined as the ratio of the shortest network distance over Euclidean distance between origin and destination (Barthlemy 2011 ). Newell (1980 found that the average circuity on a road network was around 1.2, and Ballou et al. (2002) estimated the travel distance through the several countries. However, there has been no research to compare auto network circuity and transit network circuity based on a given road network.
Demand Size and Circuity of the Transit Network
The overall shape of transit network configuration typically can be classified in three ways (Lee 2006) : directly-connected networks with a larger number of routes, networks with a smaller number of routes that are circuitous, and networks that require transfers due to fewer directly-connected routes. Demand size is a primary consideration in determining the type of transit network. When demand is low, providing many routes with direct connection is not efficient because the frequency of each route would be low, resulting in longer waiting times. Direct connection is a better choice when demand is sufficient, because networks still can provide short headway with many direct routes.
Transit networks with transfers share characteristics with transit networks that have circuitous routes. Frequencies of those networks are higher than those of directly-connected networks due to the smaller number of routes, but in-vehicle travel time is still short due to the direct connection. However, transfer time exists in total travel time. If a network has fewer circuitous routes, waiting time would be shorter due to the higher frequency, but in-vehicle travel time would be longer due to circuitous routing.
Transit Score
The website www.walkscore.com provides information related to walk scores (walkability) and transit scores (transit friendliness) at neighborhood levels (Walk Score 2014). According to the site, a transit score is a patented measure of how well a location is served by public transit and is based on data released in a standard format by public transit agencies. To calculate a transit score, a "usefulness" value is assigned to nearby transit routes based on frequency, type of route (rail, bus, etc.) , and distance to the nearest stop on the route. The "usefulness" of all nearby routes is summed and normalized to a score of 0-100. Although this site rates accessibility to transit service, it does not address how competitive transit service is in terms of travel time versus auto travel time. A transit score may be related to access time and waiting time, but not to the in-vehicle travel time to a destination, which is usually the largest part of total transit travel time.
Methodology

Measures for Transit Network Directness
In Lee's previous research (2008) , two comparative measures were developed-Degree of Competitiveness (DOCO) and Degree of Circuity (DOCI)-which compare the performance of auto and transit and evaluate potential transit network performance. The main comparison in this research is travel time. DOCO is a comparison between auto and transit travel times and shows how transit service is competitive with auto for each ori-gin-destination trip. DOCI measures how much the transit service or network configuration can be improved; in general, if transit ridership increases, the optimality of the transit network becomes higher with more direct connections between origin-destination pairs (Lee 1998) . DOCI indicates how circuitous a current transit network is compared to a hypothetical transit network with the possible shortest connections, which provides the shortest in-vehicle transit travel time.
Although it is simple to estimate auto travel time, estimating transit travel time is more complex because of its various travel time components. Transit users generally consider travel time as total transit travel time and in-vehicle transit travel time. Total transit travel time includes waiting time and complete door-to-door travel time (or station-to-station travel time for a simpler computation). Waiting time can be determined by many other considerations in addition to demand size. When a headway is long and schedule information is provided, waiting time may not be estimated from headway and frequency. As a result, travel time can be distorted by the length of waiting time when the transit network is evaluated. In-vehicle transit travel time, which excludes waiting time, is transit travel time after boarding. This measure excludes waiting time, which is stochastic among all the components of travel times, so it could represent the transit network configuration better than total transit travel time. However, in-transit travel time does not include the relationship between routing and scheduling and may not represent the overall performance of the transit system. (Access and egress times are also part of a transit trip and total transit travel time, but they are excluded from this paper for simplicity.) For estimating measures for the entire network, simple average and weighted average can be used based on different ways to consider demand. Simple average does not consider zone-to-zone demand. Without consideration of the demand size, these measures represent competitiveness or circuity of the transit network with the same weight for each origin-destination. Equations 5 and 6 show two simple DOCO for the total travel time and in-vehicle travel time. Equations 7 and 8 show simple DOCI. In the equations, n(n-1) is used instead of n 2 as the denominator for the simple average because it is assumed that there are no intra-zonal trips. Weighted average considers each zone-to-zone demand size. The weighted average shows how efficiently the transit network is designed to meet the demand and how well the transit network provides better service to an origin-destination with higher demand. This is shown in Equations 9 through 12. Where n = number of zones and D ij = demand from zone i to zone j.
Travel Time Estimation for Auto and Transit
The inputs defined in Equations 1-12 are necessary to estimate the DOCO and DOCI. Those inputs-demand size, link travel time, and transfer time-can be obtained easily. However, the real travel time of auto and transit and the potential shortest travel time of transit should be found and computed through route choice algorithms.
Auto travel time assumes that users find the shortest auto travel paths. With this assumption, auto travel time can be estimated using the shortest path algorithm. This theory is well-known and has been developed by many scholars, including Moore (1957) , Dijkstra (1959), and Dantzig (1966) . This shortest path algorithm provides the shortest path with a given fixed travel time. In reality, link travel time varies with traffic volume, and this shortest path algorithm may not be adequate; however, estimating real travel time with real travel demand is very complicated and difficult.
To estimate the transit travel time in this research, Optimal Strategy by Spiess and Florian (1989) was chosen as the transit route choice model, which is popularly used for transit assignment.
As discussed previously, comparison of an auto network and a transit network may not successfully show the effectiveness of the current transit network because transit link travel time and auto link travel time are different. Although this comparison can show how competitive a transit service is, the comparison does not show how much the current transit system can be improved. To determine how much the current transit network can be improved, comparison with the potential transit shortest paths may be more adequate. The potential transit shortest path can be found by using the auto shortest path algorithm with transit link travel time instead of auto link travel time. This is the hypothetical transit path, assuming that transit does not have fixed routes and can go anywhere with the shortest path.
Geographical Presentation of Transit Network Directness
From each zone, the simple average and the weighted average of measures to all other zones can be presented geographically and can provide a good geographical guideline of which areas need to be improved in terms of the directness of the transit service.
Data and Modeling
This analysis uses origin-destination data and road network data from the Korea Transportation Database (KTDB). However, KTDB's Transportation Analysis Zone (TAZ) is too large for analyzing the transit network system, so a smaller-size zone was created for this study based on census data. Transit operation data, including average speed and average headway of all available public transportation including metro rail system, regional express bus, regular bus, and small local bus systems, came from databases provided by the local governments, Korea Railroad (KoRail), Seoul Metropolitan Rapid Transit Corporation, and local bus companies of the analyzed cities. A transfer penalty was assumed as 20% of transfer waiting time, which is a conventional default value for analysis in Korea as well as a default value at TransCad. Modeling and computation of travel times were done using TransCAD.
Example and Analysis
Five cities in Korea-Seoul, Busan, Suwon, Seongnam, and Uijeongbu-were chosen for the analysis. Seoul is the largest city in Korea, and Busan is the second largest. Suwon, Seongnam, and Uijeongbu are mid-size cities near metropolitan Seoul. City characteristics are shown is in Table 2 , and zones and transit networks for the analysis are shown in Figure 1 . Number of subway routes 9 4 1 2 2 FIGURE 1. Modeling zones and transit networks of cities in analysis Table 3 shows the results of the computed measures for the five cities. Seoul's values are the average of its 2,088 zones, and Busan's values are the average of its 1,070 zones. Each zone's value is the average of the values from that zone (origin) to all other zones (destinations). Assuming that transit networks are not direct, DOCI is always more than 0%. Assuming that auto travel is faster than transit travel because of shorter access and egress time and no waiting time, DOCO is always higher than DOCI. Also, a transit route with higher demand has a better chance of being direct, and weighted averages are always lower than simple averages. Table 3 shows that the results meet all of these assumptions as well as general common sense.
In good transit network design, weighted measures should be lower than simple measures because heavily-demanded trips are designed to be more direct. In Table 3 , it is noticeable that the difference between simple measures and weighted measures for Busan and Uijeongbu are minimal compared to the other cities, meaning that transit networks in Busan and Uijeongbu are not properly designed for heavy demand.
In Table 3 , the average additional travel time by transit (weighted) in Seoul is 186% more than auto travel time and the average transit travel time with the current Seoul transit system is 66% more than that of a potential ideal transit network. The measures for Seoul are lower than those for the other cities because Seoul is highest in population density and has more transit demand; as a result, Seoul can provide a more direct transit network than the other smaller cities. If a transit network is designed properly, a city with more demand is likely to have a more direct transit network. However, that may not occur in all cities. As shown in Table 4 , although Busan is the second largest city in population, because its area is largest, its population density is lowest (#5). However, because of its relatively high ranking in transit network directness (#3), Busan's ratio for transit demand/ population is #4, which is better than Uijeongbu's, although Busan's transit demand density is still the lowest (#5). Although Uijeongbu is the smallest of the five cities in terms of population, because of its small area, population density ranks fourth and the number of bus routes is relatively high for the area size and population size (especially compared to Seongnam). However, all of Uijeongbu's measures are worse than all the other cities', including Seongnam's, meaning that the transit network for Uijeongbu is unnecessarily indirect compared to other cities. In addition to Busan, all the other cities show a good correlation among population density, transit demand density, and transit network directness, which shows that transit network directness can be a very strong measure for transit ridership.
Seoul Busan Suwon Seongnam Uijeongbu
In Figure 2 , the averages in Table 3 were broken down to show the composition of the zones for each additional travel time category, indicating the percentage of zones with relatively competitive and direct service and the percentage of zones with relatively indirect and uncompetitive service. Figure 2 shows that all cities have proper compositions. A city that has a lower average value of measures, such as Seoul, has more zones of lower values of measures, and a city that has a higher average value of measures, such as Uijeongbu, has more zones of higher value of measures. Figures 3 and 4 show the spatial distribution of measures for each city. These figures clearly show which zones have circuitous transit service visually. As expected, central business district (CBD) areas enjoy more direct service to other zones than do outside areas. These figures provide a good geographical guideline of which areas need to be improved in terms of transit service. The shape of a transit network is usually affected by demand size; similarly, the shape of a transit network also affects transit demand size. Therefore, the relationship between the shape of a transit network and demand size is complicated but is worth investigating. Indeed, many other factors affect transit demand, so it may not be appropriate to connect transit network directness and transit demand size. However, as discussed, transit travel time is an important factor for mode choice, so it is still meaningful to find the relationship between transit demand size and transit network directness.
Although the results of the analysis and geographical presentation are for five specific cities, the developed methodology can be used to analyze any cities and their transit networks. Transit agencies can have a better visual understanding of their transit network directness and can improve transit network configuration where transit network directness is poor.
The analysis of the five cities shows some meaningful results that may be generalized and used for other cities as well. First, most transit ridership (transit demand/population) depends on transit network directness. Second, to attract more transit riders, the weighted averages of the transit network directness measures should be meaningfully lower than the simple averages of the transit network directness. That means transit routes must be more direct where large transit demands exist. Third, a transit network is more direct in cities with higher population densities.
This research provided valuable illustrations (Figures 2-4 ) of transit network directness. Figures 3 and 4 show the spatial distribution of zones that have different categories of transit service in terms of competitiveness and directness. From those figures, it is clear that Busan provides very poor service in the outer part of the city, and no zone in Suwon has more than 300% of additional travel time by transit. These figures show which areas should be improved in terms of directness of transit service.
The measures and concepts discussed in this paper rely on the first author's previous research, but this paper systematically structures and mathematically develops them in detail so they can be useful for transit network design and planning. Indeed, this analysis provides a good guideline to evaluate which cities need to improve their transit network to provide more direct service and also provides a good geographical guideline of which areas need to be improved in terms of the directness of the transit service, although transit network directness may result from many other concerns, such as social issues, politics, topology, and the original transit network that the existing users are used to.
For future research, if many different cities with good transit networks are analyzed using these measures, it will be possible to provide a guideline for proper transit network directness for cities of different size. Also, the relationship between transit network directness and land use patterns or topology will be worth investigating.
